Introduction
============

Stroke is the second leading cause of disability and mortality across the world, and only a minority of stroke patients can benefit from the thrombolytic therapy due to the narrow time window and the increased risk of hemorrhage ([@b1-mmr-16-04-4493],[@b2-mmr-16-04-4493]). Therefore, strategies, which focus on protecting and repairing the damaged brain after stroke, are urgently needed. Based on studies that Notch 1 signaling is vital in the regulation of regenerative responses after ischemia and reperfusion, it is regarded as a potential therapeutic target for modulating inflammatory reaction and releasing cerebral injury after stroke ([@b3-mmr-16-04-4493]--[@b5-mmr-16-04-4493]).

Notch 1 signaling is composed of Notch 1 receptor and Notch 1 ligands ([@b3-mmr-16-04-4493],[@b6-mmr-16-04-4493],[@b7-mmr-16-04-4493]), which was implicated schematically in [Fig. 1](#f1-mmr-16-04-4493){ref-type="fig"}. Notch 1 receptor is a single-pass transmembrane protein which is found on the surface of neural progenitors ([@b3-mmr-16-04-4493]), immature neurons ([@b6-mmr-16-04-4493],[@b8-mmr-16-04-4493]), and glial cells ([@b9-mmr-16-04-4493]--[@b11-mmr-16-04-4493]) of hippocampus and anterior subventricular zone (aSVZ) ([@b3-mmr-16-04-4493],[@b12-mmr-16-04-4493]). When activated by the ligands expressed on neighboring cells, Notch 1 is cleaved by the γ-secretase complex, and releases a Notch intracellular domain (NICD) that translocates into nucleus and activates transcription factors, which eventually worsens brain damage by augmenting inflammatory reaction of microglia and stimulating of peripheral leukocytes and lymphocytes ([@b4-mmr-16-04-4493],[@b8-mmr-16-04-4493],[@b9-mmr-16-04-4493],[@b13-mmr-16-04-4493]--[@b15-mmr-16-04-4493]). Based on these evidences, attenuation of the canonical Notch 1 signaling is beneficial to the ischemic cerebral tissue. There has been increasing interest on N-\[N-(3,5-difluorophenacetyl)-1-alanyl\]-S-phenylglycine t-butylester (DAPT), which can protect brain tissue from ischemic damage with efficiently inhibiting activation of the Notch 1 signaling in microglia ([@b9-mmr-16-04-4493]).

It is well documented that microglia undergo progressive morphological transformation and functional alterations over different stages after stroke ([@b16-mmr-16-04-4493]), that round-shaped microglia was detrimental to the brain tissue via release the pro-inflammatory cytokines while the ramified-shaped one was beneficial to the damaged tissue by releasing neurotrophic factors. However, the previous studies put focus on the attenuation of microglia via the inhibition of Notch signaling. So the temporal proliferation and morphological changes of microglia over stages, as well as the comprehensive outcome of the whole brain tissue following DAPT treatment, is unknown. Magnetic resonance imaging (MRI), as the non-invasive and more advanced method, can be used to longitudinally monitor the comprehensive changes of the brain tissue. In this study, for the first time, we evaluated the temporal proliferation and morphological changes of microglia/macrophage over the period of subacute stage and chronic stage and evaluated the dynamic changes of brain tissue with the MRI method following DAPT treatment.

Materials and methods
=====================

### Animals

All animal procedures performed in this study were approved by Fudan University of Institutional Animal Care and Use Committee, and every effort was made to minimize suffering and to reduce the number of animals used. A total of 40 Male Sprague-Dawley rats weighing 260--270 g were divided into two groups: Control group (n=20) and treated group (n=20). All rats were subjected to a 90-min of (middle cerebral artery occlusion) MCAO and were performed with MRI before and at 24 h, 7, 14, 21 and 28 days after stroke. At the same time, five rats of each group were decapitated at 7, 14, 21 and 28 days after stroke respectively for immunofluorescence staining (IF). [Fig. 2](#f2-mmr-16-04-4493){ref-type="fig"} shows the time schedule for experimental procedures in all groups.

### Stroke model

Rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate under spontaneous inspiration, and the body temperature was continuously monitored at 37±0.5°C during the surgical procedures. For all rats, the left middle cerebral artery (MCA) was occluded for 90 min. In details, rats were immobilized by a tooth holder and with binding of all limbs, followed by the insertion of a 4.0 silicon-coated polypropylene suture into the left internal carotid artery (ICA) through the external carotid artery (ECA) and common carotid artery (CCA) to block blood flow to the MCA. After 90 min, the filament was withdrawn from the ICA to allow reperfusion. The follow-up T2 MRI was acquired under the anesthetized circumstances to check the occlusion of the left hemisphere 24 h post-stroke.

### Administration of DAPT

DAPT powder (Sigma-Aldrich, St. Louis, MO, USA), was dissolved in DMSO to prepare concentrations of 8.3 mg/ml ([@b17-mmr-16-04-4493]). DAPT solution (0.03 mg/kg) was stereotactically injected into the lateral cerebral ventricle (LV) for treated group rats at 3 days after stroke. Rats were anesthetized and placed in a stereotactic holder and immobilized by earplugs and a toothholder. A burr hole was drilled in the skull, 4.0 mm deep into the pial surface, −2.0 mm anteroposterior relative to the bregma, and 1.0 mm lateral to the midline, according to Paxinos and Watson (1998) ([@b18-mmr-16-04-4493]). With a 2.0 µl Hamilton syringe, DAPT administration was finished within 3 min and the needle was left in place for 4 min to prevent leakage along the injection track. The control group rats received the same volume PBS at the same time point.

### Magnetic resonance imaging (MRI)

Multimodal MRI of the rat, including relaxation time imaging and diffusion imaging, was temporally conducted before and after 24 h, 7, 14, 21 and 28 days of transient cerebral ischemia. Prior to MRI, animals were anesthetized by the same procedure as described for the MCAO model (see above). The body temperature was continuously monitored at 37±0.5°C, at the same time, blood oxygen saturation and heart rate were monitored during MRI procedures. The MRI measurements were performed in a 3.0-T horizontal magnet (Discovery MR750; GE Medical Systems, Milwaukee, WI, USA) with a 60-mm-diameter gradient coil (Magtron Inc., Jiangyin, China).

T2-weighted (wt) MR images were acquired by a fast spin-echo sequence with the following parameters: Repetition Time (TR)/Echo Time (TE)=4,000/96 msec, scan time=3 min, Field of View (FOV)=6×6 cm, matrix=256×256, slice thickness (ST)=1.8 mm, spatial resolution=0.24×0.24×1.8 mm^3^, inter-slice distance=2 mm, number of slices=15, and number of average (NA)=2.

For the DKI acquisition, diffusion weighted images were acquired with TR/TE=4,000/84 msec, FOV=6×6 cm, ST=1.8 mm, inter-slice distance=2 mm, matrix=64×64, in-plane voxel size=234×234 µm, NA=4. The number of gradient directions was 15 with the duration of each of the diffusion gradients (δ) being 4 ms with a temporal spacing of 23 msec (∆) between the two diffusion gradients. Two b-values (1,000 and 2,000 sec/mm^2^) were acquired for each direction following the acquisition of five images acquired at b=0 sec/mm^2^.

### Immunostaining

Removed brain samples of rats were post-fixed in 4% paraformaldehyde for 24 h, and then were vitrified in 20 and 30% sucrose solutions for 24 h and 3 days, respectively. Coronal brain sections of all rats were obtained using a cryostat (RM2135; Leica, Mannheim, Germany). Immunofluorescence was performed on cryosections (20 µm): Approximately 1.70 to −4.80 mm to Bregma according to Paxinos and Watson ([@b18-mmr-16-04-4493]). In details, sections were washed three times with phosphate-buffered saline (PBS, pH=7.4). Sections were then blocked from non-specific binding with 10% normal donkey serum in PBS containing 0.3% Trition-X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 2 h at room temperature. After aspiration of block solution, sections were incubated with primary antibodies of rabbit polyclonal anti-NICD (1:500; Abcam, Cambridge, MA, USA) and mouse monoclonal anti-CD11b (1:200; AbD Serotec, Kidlington, UK). Primary antibodies were incubated overnight with sections at 4°C. Balaced at room temperature for about 30 min, sections were rinsed with PBS for 5 min with 3 times. Sections were then incubated with secondary antibodies as Alexa Fluor 488- and 568- conjugated donkey anti-mouse or anti-rabbit (1:200; Life Technologies, Carlsbad, CA, USA). Rinsed with PBS for 5 min with 3 times, sections were then counterstained with DAPI (1:1,000; Sigma-Aldrich, St. Louis, MO, USA). At last, all the sections were rinsed with PBS for 5 min with 3 times, and coverslipped with mounting medium. Sections from two groups were processed together in the same batches to minimize staining variability.

### Image processing and quantitative analysis

#### MRI

The lesion volume was represented as edema-corrected hemispheric lesion volume (%HLV^e^), which was firstly described by Gerriets with ADC map and T~2~-wt MR images ([@b19-mmr-16-04-4493]). The lesion volume was calculated on T2 MR images as follows: %HLV^e^ =(HV~c~-(HV~i~-LV^u^)/HV~c~x100%, where HV~c~ and HV~i~ indicate volume of the contralateral and ipsilateral hemisphere respectively, and LV^u^ indicate the uncorrected lesion volume ([Fig. 3A](#f3-mmr-16-04-4493){ref-type="fig"}). LV^u^, was determined from a suitable number of noncontiguous coronal T2 MR images covering the entire ischemic area, by manual tracing of the hyperintense lesions. HV~c~ and HV~i~ were determined with anatomical landmarks from the same images. The areas were then summed and multiplied by slice thickness. Images of animals were excluded from further analysis with no cortical T2 lesions or very large hyperintense lesions extending to the contralateral hemisphere.

Then regions of interest (ROIs) including cortex (CTX) and striatum (STR) were selected for analysis of T2 signal intensity (SI) and DKI parameters, as gray matter and white matter may have different pathological evolution after ischemia. For T2 SI analysis of CTX, the ROI was placed on ipsilateral cortex with four noncontiguous T2 MR images mostly covering the ischemic lesion. And for striatum analysis, the ROI was placed on ipsilateral striatum with only one T2 MR image, which can cover majority of the lesion and avoid effects of adjacent regions.

To assess the DKI parameters, axial T2 MR images were used for anatomical references to assess the topography of infarction. All parameters were calculated from same images as for T2 SI analysis of CTX and STR respectively, in which ROIs encompass the ischemic lesion with pixel values distinctly higher than contralateral hemisphere. Contralateral ROI regions were drawn on the contralateral hemisphere according to the size and shape of the ischemic ROIs. For all images, FA, MD, D~a~ and MK values were measured. Entire ROI analysis was repeated twice to ensure reproducibility of the results. Percent changes of T2 SI and DKI parameter values of both CTX and STR were computed as: 100x(X~i~-X~c~)/X~c~, where X represents an averaged metric.

#### Immunostaining

For histological images, sections were scanned with the 10x objective using fluorescence microscope (Olympus PX51; Olympus Corporation, Shinjuku-ku, Japan). With Image J (National Institutes of Health, Bethesda, MD, USA), the acquired images were assessed semi-quantitatively by measuring optical density of positively stained cells of the selected ROI, which was selected at the lesion core of both cortex and striatum. The ipsilateral versus contralateral differences in gray levels were converted to a percentage of the contralateral value.

#### Statistical analysis

Unpaired t-tests were performed for two groups comparison at different time points. In statistical tests, differences were considered significant when P\<0.05 and data were presented as mean ± SD. Statistical analysis was performed using Prism, version 6.0 (GraphPad Software Incorporated, La Jolla, CA, USA).

Results
=======

### T2-wt MR imaging

The spatiotemporal dynamics of T2 W images of two group rats showed that the ischemic lesion was formed and presented hyperintensity after ischemia ([Fig. 3B](#f3-mmr-16-04-4493){ref-type="fig"}). And the lesion volume showed a good consistency between the control group and the treated group at 24 h following ischemia ([Fig. 3C](#f3-mmr-16-04-4493){ref-type="fig"}).

At the same time, the temporal evolution of the percent change of T2 SI for STR and CTX after reperfusion showed comparisons of cerebral tissue changes between two group rats at different time points ([Fig. 3D](#f3-mmr-16-04-4493){ref-type="fig"}). There was no statistical difference of the percent change of T2 SI for both STR and CTX between two group rats before and after 24 h following reperfusion. For STR, at 7 days after reperfusion, the percent change of T2 SI was significantly lower in the treated group than that in the control group (P\<0.05). Then at 14 days after stroke, though the cystic region occurred to STR in both two group rats and the percent change of T2 SI showed no statistical difference, it further enlarged in rats without DAPT treatment while disappeared in rats with DAPT treatment at later time points. Simultaneously, the difference of percent change of T2 SI was enlarged that it was significantly elevated in control rats while gradually recovered to the baseline in treated rats at 21 days (P\<0.01) and 28 days (P\<0.01). However, for CTX, the cystic region was formed in both control rats and treated rats from 7 days to 28 days, and there was no statistical difference of the percent change of T2 SI between two groups.

### Diffusional kurtosis imaging

Based on the results detected by T2 MR imaging, we next measured the microstructural differences between rats with or without DAPT treatment ([Fig. 4](#f4-mmr-16-04-4493){ref-type="fig"}), combining with statistical analysis of diffusion parameters, which showed no difference between two groups on all DKI parameters before and at 24 h after stroke ([Fig. 5](#f5-mmr-16-04-4493){ref-type="fig"}).

MD and Da were decreased in all rats at 24 h after reperfusion. They reversely and gradually increased at 7, 14, 21 and 28 days in rats without DAPT treatment, while recovered to the baseline in rats with DAPT treatment ([Fig. 4A and B](#f4-mmr-16-04-4493){ref-type="fig"}), and the analysis showed statistical differences between two groups (7D, P\<0.05; 14D, P\<0.01; 21D, P\<0.01; 28D, P\<0.001) ([Fig. 5A and B](#f5-mmr-16-04-4493){ref-type="fig"}).

FA, in all the stroke models, was significantly decreased at 24 h following ischemia. Then it further reduced at 7 and 14 days, and steadied at 21 and 28 days when cystic region was formed in control rats, while gradually recovered to the baseline in treated rats from 7 to 28 days ([Fig. 4C](#f4-mmr-16-04-4493){ref-type="fig"}). And there were statistical differences between two group rats at 7, 21 and 28 days after reperfusion (7D, P\<0.01; 21D, P\<0.01; 28D, P\<0.001) ([Fig. 5C](#f5-mmr-16-04-4493){ref-type="fig"}).

MK decreased in all rats at 7 days compared to 24 h following ischemia, which was more recovered in treated rats. It was then gradually returned to the baseline in treated rats, and being reversely lower than the baseline in control rats, while still be steadied in treated rats when cystic lesion occurred at 21 and 28 days ([Fig. 4D](#f4-mmr-16-04-4493){ref-type="fig"}), which showed statistical differences between two groups (21D, P\<0.05; 28D, P\<0.01) ([Fig. 5D](#f5-mmr-16-04-4493){ref-type="fig"}).

For ipsilateral CTX, there was no statistical difference between rats with or without DAPT treatment at 7, 14 and 21 days after stroke. However, at 28 days after reperfusion, FA, MD and MK in treated rats showed more deviation from the baseline, which may account for atrophy of ipsilateral cortex covered by cerebrospinal fluid (P\<0.05) ([Figs. 4A, C and D](#f4-mmr-16-04-4493){ref-type="fig"}, and [5A, C and D](#f5-mmr-16-04-4493){ref-type="fig"}).

### Notch signaling and Microglia/macrophage activation

To determine whether Notch 1 receptor of microglia/macrophage was mainly activated by brain ischemia, and to observe whether DAPT can influence the activation of microglia/macrophage, we performed the CD11b/NICD staining. Microglia/Macrophage was mainly located in the lesion area ([Fig. 6A](#f6-mmr-16-04-4493){ref-type="fig"}). NICD was detected in the CD11b-labeled cells in the ipsilateral CTX and STR at 7 days after reperfusion in rats with or without DAPT treatment ([Fig. 6B1](#f6-mmr-16-04-4493){ref-type="fig"}). And for STR, the percent change of IF intensity in both NICD and CD11b was significantly lower in treated rats than in control rats (both NICD and CD11b, P\<0.001) ([Fig. 6C and D](#f6-mmr-16-04-4493){ref-type="fig"}). More importantly, the shape of microglia/macrophage was round in control rats while be with processes in treated rats, which might be M1 phenotype and M2 phenotype of microglia/macrophage, respectively. However, histology showed that microglia/macrophage in treated rats was reversely more activated in the treated group at 14 days (P\<0.05), 21D (P\<0.001) and 28 days (P\<0.001), which was ramified with processes ([Fig. 6B2, B3, B4 and D](#f6-mmr-16-04-4493){ref-type="fig"}).

### Correspondence between MRI and histological measures

By MRI, we found that the recovered brain tissue, after DAPT treatment, was prominently located in the STR. At 7 days, we know that the decreased T2 SI within the ipsilateral STR was mainly accounted for cell proliferation of inflammatory cells or ameliorated brain edema. And the percent change of T2 SI was more reduced in rats receiving DAPT treatment, which might be accounted for the more proliferative cells or more ameliorated brain edema. By analysis of attenuated CD11b (+) cells within the STR in treated rats, we got the result that it was mainly ameliorated brain edema contributing to the reduced T2 SI and relative recovered diffusion parameters. Then at 14 days after reperfusion, the cystic region occurred to both two groups, and further enlarged in control rats while disappeared in treated rats at 21 and 28 days. Diffusion parameters were gradually recovered to the baseline in control rats while showed further enlargement from the normal level in treated rats. And in treated rats, histology showed that intensity of CD11b (+) cells was reversely higher than that in control rats, which suggested that the recovered brain tissue was mainly filled with M2 phenotype of microglia/macrophage.

Discussion
==========

MR images in our study showed that the recovered tissue was mainly located at the ipsilateral STR, and there was no cyst in ipsilateral STR of two group rats at 7 days, but percent changes of T2 SI, MD, FA, MK of STR in treated rats were closer to the baseline, indicating the attenuated brain edema at the subscute stage in the ipsilateral STR of rats following DAPT treatment. Then at 14 days after reperfusion, although scattered cystic development within ipsilateral STR occurred in both control rats and treated rats, the percent changes of MD, Da and MK showed more recovery in treated rats than in control rats. The cystic area disappeared in treated rats at 21 and 28 days while further enlarged in control rats at the same period. In correspondence, percent changes of all MR parameters of the same ROI showed relative recovery in the treated group and further enlargement in the control group respectively, indicating the amelioration and recovery of the damaged brain tissue with DAPT treatment. Meanwhile, the IF result in our study showed that NICD was detected in the CD11b (+) cells in the ipsilateral STR at 7 days after reperfusion, and there was less expression of NICD in treated rats than in control rats, indicating that the Notch signaling pathway in microglia/macrophage was inhibited by DAPT. And compared with control rats, the percent change of IF intensity of CD11b in treated rats was lower at 7 days and reversely higher at 14, 21 and 28 days after reperfusion. And the microglia/macrophage presented as round shape at the subacute stage and ramified shape at the chronic stage respectively.

By dynamically monitoring the cerebral changes, we confirmed that inhibition of Notch signaling in the subacute phase could promote brain recovery, which was in agreement with the previous study ([@b3-mmr-16-04-4493]). More importantly, we further indicated the possibility of DAPT treatment to change microglia\'s characteristic from possible damaging effect to protective effect via inhibition of the Notch pathway, which should be a potential therapeutic goal.

Activated microglia perform dual actions after stroke that both beneficial and detrimental phenotypes coexist along the pathological environment. Different stimuli act on different microglial receptors and determine the microglial phenotype ([@b20-mmr-16-04-4493],[@b21-mmr-16-04-4493]). And microglia/macrophage activation is not an 'all or none' process, but rather a continuum from classical activation phenotype (M1) to alternative activation phenotype (M2), which depends on inputs and feedback signals arising from the microenvironment ([@b16-mmr-16-04-4493],[@b22-mmr-16-04-4493]). The early M1 phenotype of microglia/macrophage, regarded as round morphology, produces inflammation-related cytokines IL-1 and tumor necrosis factor (TNF), which are considered to be the major culprits of a robust inflammatory response leading to necrosis and axonal breakdown ([@b23-mmr-16-04-4493],[@b24-mmr-16-04-4493]). In our study, the round-shaped microglia/macrophage in the ipsilateral STR was attenuated at 7 days in rats following DAPT treatment, and MRI data confirmed that there was less brain edema in the ipsilateral STR of treated rats. Be different from the early M1 phenotype, the later M2 polarized microglia state, regarded as ramified morphology, releases high levels of anti-inflammatory cytokines and neurotrophic factors leading to inhibition of pro-inflammatory responses, neuroprotection and wound healing ([@b9-mmr-16-04-4493],[@b23-mmr-16-04-4493]--[@b25-mmr-16-04-4493]). In our study, the ramified-shaped microglia/macrophage was detected in the ipsilateral STR in both two group rats at chronic time points of 14, 21 and 28 days after reperfusion, and the IF intensity of CD11b was reversely higher in treated rats than that in control rats. And the MR images showed that rats in the treated group experienced decreased necrosis in the ipsilateral STR at these chronic time points. Also possibly, there were more surviving or sprouting axons inside the lesion with the increased FA and reduced Da in treated rats, representing the myelinated increased axons ([@b26-mmr-16-04-4493],[@b27-mmr-16-04-4493]), which needs further studies.

Finally, we confirmed the protective effects of DAPT treatment by dynamically monitoring the cerebral tissue with the *in vivo* MRI method, and indicated the possible transformation of microglia/macrophage phenotypes by the post-mortem IF examination. And the limits in this study, regarding the optimal therapeutic time window as well as the activity of neurogenesis and neuronal differentiation, would be our focus in the further investigations.
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![Schematic representation of Notch1 signaling pathway in adult rat brain.](MMR-16-04-4493-g00){#f1-mmr-16-04-4493}

![Experimental procedure. Forty rats were subjected to a 90-min of MCAO and divided into two groups: Control group (n=20) and treated group (n=20). Rats suffered from transient cerebral ischemia were performed with MRI before and at 24 h, 7, 14, 21 and 28 days after stroke. At the same time, 5 rats of each group were decapitated at 7, 14, 21 and 28 days, respectively for IF.](MMR-16-04-4493-g01){#f2-mmr-16-04-4493}

![Longitudinal observation of T2 MR images for rats before and after MCAO with and without DAPT treatment. (A) Anatomical reference showing the ROI. (B) The evolution changes in T2 MR images of two group rats. (C) The lesion volume of rats with and without DAPT treatment at 24 h after MCAO. (D) The temporal profiles of percent changes of T2 SI for CTX and STR of two group rats. \*P\<0.05; \*\*P\<0.01.](MMR-16-04-4493-g02){#f3-mmr-16-04-4493}

![DKI maps of rats before and after MCAO with and without DAPT treatment. (A) The evolution changes in MD maps of two group rats. (B) The evolution changes in Da maps of two group rats. (C) The evolution changes in FA maps of two group rats. (D) The evolution changes in MK maps of two group rats.](MMR-16-04-4493-g03){#f4-mmr-16-04-4493}

![Quantitative characterization of DKI parameters of rats before and after MCAO with and without DAPT treatment. (A) The temporal profiles of percent changes of MD for CTX and STR of two group rats. (B) The temporal profiles of percent changes of Da for CTX and STR of two group rats. (C) The temporal profiles of percent changes of FA for CTX and STR of two group rats. (D) The temporal profiles of percent changes of MK for CTX and STR of two group rats. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.](MMR-16-04-4493-g04){#f5-mmr-16-04-4493}

![Microglia/macrophage and Notch 1 activity in rats after MCAO with and without DAPT treatment. (A) The 'photomerged' image shows the location of microglia/macrophage. (Ba) Immunostaining of CD11b and NICD in rats at 7 days after MCAO with and without DAPT treatment. (Bb) Immunostaining of CD11b in rats at 14 days after MCAO with and without DAPT treatment. (Bc Immunostaining of CD11b in rats at 21 days after MCAO with and without DAPT treatment. (Bd) Immunostaining of CD11b in rats at 28 days after MCAO with and without DAPT treatment. (C) Quantification of NICD fluorescence intensity in STR of rats at 7 days after MCAO with and without DAPT treatment. (D) Quantification of CD11b fluorescence intensity in STR of rats after MCAO with and without DAPT treatment. \*P\<0.05; \*\*\*P\<0.001.](MMR-16-04-4493-g05){#f6-mmr-16-04-4493}
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